INTRODUCTION
The continuing degradation of South African estuaries, due to a growing human population and to industrial development, is increasing the scientific and managerial interest in their ecological functioning (Whitfield 1995 , Allanson & Baird 1999 , Morant & Quinn 1999 . To date, most studies have been carried out in large open estuaries because of their capability for high productivity and biodiversity (Allanson et al. 1999) . On the other hand, temporarily-open estuaries that account for 73% of the total number of South African estuarine systems have been given little consideration (Whitfield 1995) . These systems are closed off from the sea during the dry season and experience low or no river inflow conditions combined with longshore sand movement in the marine nearshore (Day . Areal chl a concentrations in the sediment (microphytobenthos) were typically 1 to 2 orders of magnitude higher than in the water column (phytoplankton). The vertical attenuation coefficient in the water, K d , varied between 0.94 and 28.9 m -1 . Dissolved inorganic nitrogen to phosphorus molar ratios (DIN:DIP) varied between 0.3 and 127. The results suggest that nutrients rather than light might have limited phytoplankton growth during the closed phase of the estuary, since K d values were lowest during this period. On the other hand, light rather than nutrients might have limited phytoplankton growth during the open phase, since nutrient concentrations in the water column were very low prior to the opening of the estuary at the mouth. The marked increase in phytoplankton biomass at the onset of the open phase further supports the hypothesis that phytoplankton cells might have been nutrient-limited during the closed phase. Resuspension by freshwater inflow may have also contributed to this increase. Microphytobenthic standing stock exhibited strong seasonal fluctuations, with the lowest values coinciding with the open phase. However, unlike phytoplankton, benthic microalgal biomass did not appear to be inhibited by either low nutrients or light availability.
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Resale or republication not permitted without written consent of the publisher 1981, Whitfield 1992) . Following periods of high rainfall and freshwater runoff, the water level inside these estuaries rises gradually until it exceeds the height of the sandbar at the mouth. Breaching then occurs and the water level drops very rapidly, often exposing large areas of substrate which had been previously submerged and colonised by a rich community of plants and animals (Perissinotto et al. 2000, Walker et al. in press) .
Compared to their permanently-open counterparts, temporarily-open estuaries are much more susceptible to accumulation of pollutants (Begg 1984) . Also, retention of freshwater by dams for industrial, agricultural and domestic purposes has led to a reduction of both the frequency and duration of mouth-opening (Reddering & Rust 1990) .
During the past few decades, a great deal of progress has been made in South Africa towards the understanding of the population dynamics of primary and secondary consumers of temporarily-open estuaries (Blaber et al. 1984 , Forbes et al. 1994 , de Villiers et al. 1999 , Whitfield & Marais 1999 . On the other hand, investigations dealing with the dynamics of the main primary producers (i.e. phytoplankton and sedimentassociated microalgae or microphytobenthos) inhabiting temporarily-open estuaries are still very scarce. Yet, primary producers have a crucial ecological function, since they provide a link between inorganic compounds and organic matter available to higher trophic levels and top predators , Mortazavi et al. 2000 .
The few investigations carried out in South African estuaries have shown that microphytobenthic biomass can be higher in temporarily than in permanentlyopen estuaries and also much greater than phytoplankton biomass (Adams et al. 1999 , Snow et al. 2000a . Moreover, Perissinotto et al. (2001) reported that major changes in phytoplankton and microphytobenthic standing stocks are strongly related to the alternation of open and closed phases of temporarily-open estuaries. The environmental factors that trigger these changes, however, have not been identified because of the complex interactions existing between nutrients, irradiance and water circulation in their control of microalgal dynamics, and because of the large sampling intervals usually involved in these studies.
The aim of this study was, therefore, to expand the investigations by covering a higher sampling frequency of phytoplankton and microphytobenthic biomass as well as a wider range of physical and chemical parameters. Potential relations between chl a and abiotic factors were then assessed over a 12 mo period in a temporarily-open estuary with a strongly riverine character.
MATERIALS AND METHODS
This study was conducted in the Mdloti Estuary, situated on the Kwazulu-Natal north coast (29°38' S, 31°08' E), 25 km north east of Durban (Fig. 1) . Three stations (L: lower reaches; M: middle reaches; and U: upper reaches) were sampled at regular monthly intervals from May 1999 to April 2000.
Microalgal biomass was estimated as chl a concentration. Water samples for phytoplankton chl a determination were collected 10 cm below the surface and 30 cm above the bottom, using a 500 ml polyethylene bottle and a 1000 ml weighted pop-bottle, respectively. Aliquots of 100 ml were filtered through GF/F glassfiber filters, and pigments were extracted immediately in polyethylene tubes with 10 ml of 90% acetone.
Sediment samples for microphytobenthic chl a determination were collected using a Perspex twin-corer of 20 mm internal diameter, following the recommenda- tions of Rodriguez (1993) for South African estuaries. Following the methodology previously employed by other researchers in the area, 3 core samples were taken on each occasion and at each station. The top first centimeter of the sediment was cut off and placed in a 50 ml polyethylene bottle with 30 ml of 90% acetone for the extraction of pigments. All chl a concentrations were measured using a 10-AU Turner Designs fluorometer fitted with the narrow-band, non-acidification system of Welschmeyer (1994) . This system allows precise measurements (maximum 10% error) of chl a without interference from other photosynthetic pigments or their degradation products (Welschmeyer 1994) . Calibrations were made using pure extracts of chl a from Anacystis nidulans algae (Sigma Products).
Water samples for the determination of dissolved inorganic nitrogen, DIN (NO 2 -, NO 3 -, and NH 4 + ), and dissolved inorganic phosphorus, DIP, were obtained from the same water samples collected for phytoplankton chl a analysis, and placed in 500 ml acid prewashed polyethylene bottles. Nutrient concentrations were later determined from triplicate sub-samples using a Technicon Autoanalyzer II system and following the methods of Mostert (1983) .
At each station, a vertical profile of downwelling irradiance (PAR, 400 to 700 nm) was measured with a LI-COR LI-189 underwater quantum sensor. A relative measure of light penetration into natural waters, using downward irradiance measurements recorded at different depths, is the diffusive attenuation coefficient,
) was estimated using the relation:
) at depth z 2 (m), I z 1 = irradiance at depth z 1 (z 2 > z 1, i.e. z increases positively downward).
Temperature and salinity were recorded on each occasion using a YSI 6920 water logger. Daily precipitation data (mm) were provided by the South African Sugar Association Experiment Station, Durban.
A 1-way ANOVA was run to test for differences in phytoplankton (surface and bottom samples, separately) chl a concentrations between sampling dates. Differences in microphytobenthic chl a concentrations between sampling dates and stations were examined using a 2-way ANOVA. Prior to the analysis, variables were log 10 -transformed to comply with the assumptions of the various parametric tests employed. A Tukey's multiple comparison of means was used when significant differences (p < 0.05) were found between sets of means. Spearman and partial rank-correlation analyses were also performed between rainfall and estuarine physical, chemical and biological response variables using the entire data set.
Vertically-integrated water-column chl a concentrations were calculated for each station by averaging the surface and bottom chl a values and multiplying the average by total actual water depth. A Mann-Whitney U-test was performed to investigate potential differences in the ratio of the relative areal concentration of microphytobenthos to phytoplankton chl a between the open and closed phases of the estuary. All statistical analyses were carried out using the SPSS 9.0 package.
RESULTS
Highly seasonal but erratic rainfall occurred during the survey (Fig. 2 ): 62.7% was observed in summer between November 1999 and April 2000, with a maximum of 37.4 cm in December 1999 and a minimum of 4.7 cm in April 2000. The total rainfall in the Mdloti Estuary was 58.8 cm during the winter and 98.7 cm during the summer. The estuary was closed between May and October 1999. During this period the average depth of the water column was 1.9 m. Mouth-breaching occurred on 16 November 1999, 1 wk prior to the survey, and the consequent drainage resulted in a dramatic drop in the average depth of the estuary to 0.6 m. This situation persisted until the end of the survey.
Surface irradiance varied widely during the survey period as a result of cloud cover and seasonal trends. (Fig. 3) , with 1.04 to 11.3% of the surface light intensity reaching the bottom of the water column (Fig. 4) . Conversely, when the opening of the estuary led to heavy silt loading and a dramatic increase in turbidity levels, K d ranged from 8.14 to 28.9 m -1 . Turbidity combined with the shallowness of the water column resulted in a varying surface light intensity reaching the bottom (from 0.01 to 44.3%). Due to the high concentration of silt particles in the water column, the depth of the euphotic zone, Z eup , dropped to values much shallower than the estuary's total depth, with only 1 exception, in January 2000 (Fig. 5) .
Water temperature changed slightly with season, ranging from 16 to 21°C in winter and from 22 to 29°C in summer. Because of the low and irregular sea-water supply received by the Mdloti Estuary from the adjacent coastal area during the study period, salinity levels were extremely low all year round. Salinity typically ranged from 0.1 to 0.6 in winter and from 0.5 to 9.6 in summer. Highest levels usually occurred at Stn L and during the open phase of the estuary. With the exception of Stn U, chl a concentrations of both surface and bottom phytoplankton decreased markedly during the closed phase (from 8.6 to 1.9 mg m -3 and from 8.6 to 1.5 mg m -3
, respectively: Fig. 6 ). The opening of the estuary led to a sudden increase in phytoplankton biomass, with a maximum value of 7.68 mg chl a m -3 observed in the upper reaches in November 1999. Thereafter, phytoplankton chl a concentrations varied between 0.09 and 2.64 mg m -3
. A 1-way ANOVA revealed a significant sampling date effect on both surface and bottom phytoplankton chl a (surface: F 11, 24 = 18.6, p < 0.01; bottom: F 11, 24 = 20.9, p < 0.01).
Microphytobenthic (Fig. 7) . Throughout the survey, microphytobenthic chl a values were consistently 1 to 2 orders of magnitude higher than vertically-integrated water column chl a concentrations. The only exception to this pattern was in November at Stn M (Table 1) . On the other hand, the relative areal concentrations of microphytobenthic and phytoplankton chl a did not differ significantly (Fig. 8A ). DIN concentrations varied between 0.5 and 14.3 µM during the closed phase and between 6.6 and 204 µM during the open phase. Conversely, neither surface nor bottom DIP concentrations exhibited any seasonal trend in the estuary (Fig. 8B) . DIP ranged from 0.6 to 5.5 µM during the closed phase and from 0.3 to 5.8 µM during the open phase. DIN:DIP molar ratios were used to test for potential limiting effects of nutrients on microalgal biomass (Howarth 1988) . Seasonal variations in surface as well as bottom DIN:DIP ratios were much greater than variations in DIN values in the Mdloti Estuary (Fig. 8C) . During the closed phase, DIN:DIP values were well below the Redfield ratio of 16:1 (Redfield et al. 1963) . Conversely, with the exception of Stns M and U in November 1999, DIN:DIP ratios were usually well above 16 during the open phase.
Light attenuation in the estuary showed a highly significant and positive relationship with rainfall, obviously reflecting the increase in turbidity as a result of runoff from the catchment area (Table 2) . Likewise, rainfall showed a positive relationship with surface and bottom DIN as well as surface DIP, thereby suggesting increased loading of nutrients (and/or less utilization of these nutrients by phytoplankton) during the open phase of the estuary. Partial correlation analysis showed that both surface and bottom phytoplankton chl a concentrations were inversely correlated with rainfall (Table 3) . Also, bottom phytoplankton exhibited a positive relationship with K d . However, in contrast to phytoplankton, microphytobenthic chl a concentration was not correlated with any of these variables. 
DISCUSSION
Several studies dealing with microphytobenthos have highlighted their significant role as primary producers in shallow-water ecosystems (Mallin et al. 1992 , Barranguet 1997 . In shallow aquatic ecosystems, microphytobenthos contributes a significant fraction of the total primary production and biomass, equaling or even exceeding that of phytoplankton in the overlying water column (Cadée & Hegeman 1974a ,b, Lukatelich & McComb 1986 , Fielding et al. 1988 , Kromkamp et al. 1995 , Adams et al. 1999 , Cahoon 1999 , Perissinotto et al. 2001 ). In the Mdloti Estuary, much higher levels of chl a were recorded in the top first centimeter of surface sediment than in the overlying water column (with the exception of November 1999: Table 1 ). This difference ranged from 1 to 2 orders of magnitude, resulting in an average ratio of water column to sediment chl a of 0.08 ± 0.09 SD. Similar results have been reported for other South African temporarily-open estuaries (Adams et al. 1999 , Perissinotto et al. 2001 .
The microphytobenthic biomass of the Mdloti Estuary ranged from 1.4 to 480 mg chl a m -2 (Fig. 7) . These values are comparable to those found by Perissinotto et al. (2001) ). Also, as in the Mpenjati study (Perissinotto et al. 2001) , the highest microphytobenthic biomass occurred during the closed phase. These values are among the highest reported in the literature , Light & Beardall 1998 , Adams et al. 1999 , Cahoon et al. 1999 , Perissinotto et al. 2000 , 2001 , Snow et al. 2000a and are in the range of maximum estimates of sediment chl a values reported from the 0 to 5 m depth range of tropical/ subtropical areas (Cahoon 1999) . Comparisons with other estuaries are however difficult, especially when dealing with tidally-driven systems where lower benthic microalgal biomass may be the result of strong currents and wave action. The structure of the sediment will also affect microalgal biomass levels, with generally highest values obtained from muddy rather than sandy sediments (Adams et al. 1999) , although on a number of occasions, the opposite has also been recorded (see Cahoon et al. 1999) . A preliminary analysis of the sediment structure of the Mdloti Estuary shows that this is predominantly sandy throughout the estuary and for most of the year (C.N. pers. obs.).
The phytoplankton biomass of the Mdloti Estuary ranged from 0.09 to 8.6 mg chl a m -3 (Fig. 6 ). These values are lower than those measured in permanentlyopen estuaries, where maximum levels often exceed 20 mg chl a m -3 and occasionally even 100 mg chl a m ). Both these systems are also temporarily-open and located along the east coast of South Africa.
The intensity of light and/or the concentration of macronutrients are key factors limiting microalgal growth in aquatic environments in general (Dugdale 1967 , Droop et al. 1982 , Tett et al. 1985 and estuaries in particular (Cloern 1987 , Malone et al. 1988 ). Tropical estuarine systems experience relatively short-lived flood events that contribute substantially to their annual nutrient budget as well as to sediment particle loading (Eyre & Balls 1999 ). This situation is very similar to that observed in temporarily-open estuaries.
The closed phase of the Mdloti Estuary was characterized by low rainfall (Fig. 2) and low K d values (Fig. 3) . It would be expected that more favourable underwater light conditions for photosynthesis would result in an increase in phytoplankton biomass during the closed phase. Contrary to this, phytoplankton chl a concentrations actually decreased from 8.6 to 1.5 mg m -3 during this period. It must be recalled, however, that during the closed phase DIN:DIP molar ratios were well below the Redfield ratio of 16:1 (Fig. 8C) , indicating potential N-limitation of phytoplankton growth. It can be suggested, therefore, that the period of low rainfall which led to low river inflow, increased water clarity, and reduced nutrient loading would have increased the likelihood of nutrient-rather than light-limitation during the closed phase of the Mdloti Estuary.
Hydrology, particularly the strong freshwater inflow during the rainy season, played an important role not et al. 1999) . Heavy rainfall and increased river flow dominated the open phase of the estuary and resulted not only in a dramatic decrease in water clarity and euphotic depth (Fig. 5) , but also in an increase in nutrient loading. High DIN and DIP concentrations usually stimulate algal growth (Fisher et al. 1992 , Gallegos & Jordan 1997 . One month after the opening of the estuary, DIN:DIP ratios were well above the Redfield ratio of 16:1 (Fig. 8C) , suggesting that DIP was indeed the element in shortest supply with respect to nutrient requirements of phytoplankton. Although nutrients were present in high concentrations throughout the open phase, phytoplankton could not attain maximum biomass levels because increased turbidity in the estuary during that period would probably have inhibited primary production. Because of this high turbidity, phytoplankton would have spent a considerable part of the daytime in the dark, thereby increasing respiratory losses (Legendre 1990) . A number of studies have reported seasonal fluctuations in microphytobenthic standing stocks (Montagna et al. 1983 , Gould & Gallagher 1990 , Pinckney & Zingmark 1993 , while others have not found any significant differences between seasons (Cadée & Hegeman 1974b , Colijn & de Jonge 1984 , de Jonge & Colijn 1994 . Seasonal fluctuations in microphytobenthic biomass were indeed observed during this study of the Mdloti Estuary (Fig. 7) . The standing stock of benthic microalgae is regulated by different factors, such as nutrient availability, irradiance, and sediment characteristics , Cahoon et al. 1999 , Underwood & Kromkamp 1999 . In the Mdloti, microphytobenthic chl a concentration was not related to the nutrient concentration in the overlying water (Table 3) . These results agree with those of Gruendling (1971) , Lukatelich & McComb (1986), and Roux et al. (2001) , who reported that nutrient concentrations in the water overlying the sediment were not important in controlling microphytobenthic biomass. Nutrient concentrations at the sediment surface were not measured during this study, but such measurements are clearly warranted in future studies. Because of high rates of remineralization within the sediment, growth of shallow-water microphytobenthos is generally not limited by inorganic nutrients (Admiraal et al. 1982 , Nilsson et al. 1991 , Sundbäck et al. 1996 . While this appears to be true for nutrient-rich muddy estuaries, in many sandy sediments nutrient limitation does seem to occur, with biomass responding positively to nutrient addition (Underwood & Kromkamp 1999) .
Light flux to the sediment-water interface is a critical factor for benthic microalgal growth and is a function of depth and turbidity (Cahoon 1999) . Cahoon (p. 68) reported, however, that 'benthic microalgae are capable of sustaining growth at very low light intensities, in many cases well below average values of 5-10 µE m -2 s -1 and 1% surface incident radiation'. In the Mdloti Estuary, with 1 exception (February 2000) , benthic microalgae always met the theoretical minimum light intensity of 0.1% of surface incident flux required to support growth (Falkowski 1988) . Thus, light may not have limited benthic primary production during the period of this study. Indeed, microphytobenthic biomass was not related to the percentage of incident light reaching the bottom during the open phase (r = -0.15, p > 0.05). The question of whether the light intensity reaching the sediment was sufficient to support benthic primary production needs, however, to be addressed in future studies. It is also possible that some microalgae living within the sediment may not have access to even the lowest levels of irradiance necessary for primary production. In this case they may actually be able to grow only when resuspended in the water column.
Loading of fine sediment to shallow waters are known to inhibit benthic microalgal production and biomass. This can be due partly to an increase in turbidity, but also to changes in physical, chemical and biological properties of the sediment-water interface as these sediments settle out of the water column (Cahoon et al. 1999) . Also, an increased percentage of fine or very fine sediments enhances these negative effects on benthic microalgal biomass (Cahoon et al. 1999) . The increase in river runoff during the open phase of the Mdloti Estuary led to an increase in K d , and increased the loading of fine sediments in the estuary. Whether such loading had the effect of modifying the sediment composition of the estuary and causing a decrease in the biomass of benthic microalgae is not known, and should be considered in future investigations in the area. The results of the partial correlation analysis (Table 3) indicate that benthic microalgal biomass may be less vulnerable than phytoplankton biomass to changes in physico-chemical and biological parameters associated with the alternation of open and closed phases in this type of estuary. The recent escalation in soil disturbance arising from agricultural activities in the area is, however, dramatically increasing the silt loading of these estuaries (Cooper et al. 1999) . If this process is not controlled adequately, it could soon impact negatively on this key and primary source of production. Since benthic microalgae are an important food source for meiobenthos (Blanchard 1991 , Montagna 1995 , Buffan-Dubau & Carman 2000 and demersal zooplankton (Perissinotto et al. 2000) , this would have important negative consequences for the entire food web of this type of estuary.
